High-resolution scanning tunneling microscopy has been used to investigate the adsorption of a variety of unsaturated organic molecules on the (001) surface of silicon and germanium. Results are presented for a number of prototypical alkenes, conjugated and non-conjugated dienes, and aromatic compounds. These include cyclopentene, 1,5-cyclooctadiene, norbornadiene, 2,3-dimethyl-1,3-butadiene, and benzene on the Si(001) surface, and for cyclopentene on the Ge(001) surface. Factors controlling the selectivity of various reaction pathways and the consequences for preparation of ordered organic overlayers are discussed.
Introduction
The chemistry of the (001) crystal face of silicon is of vital importance to the technology of microelectronics. In recent years, a number of new areas of science and engineering are emerging which seek to leverage the knowledge obtained from microelectronics processing, but which push into new directions. Examples include molecular electronics in which one desires to control the electrical conductivity through single molecules, and "gene chip" technologies, in which biological molecules such as DNA and/or proteins attached to silicon surfaces serve as a means sequencing and identifying other biological species. An important need for these technologies is the development of well-defined organic layers, ideally with the ability to select from a wide variety of functional groups. Since microelectronics technology is currently based on the (001) surface of silicon, formation of ordered layers on this surface is of particular importance as a way of integrating new strategies for sensing and computation with existing silicon-based technology.
The chemistry of the Si(001) surface is intimately connected with the fact that the Si(001) surface undergoes reconstruction in which adjacent atoms pair together into "dimers", [1] [2] [3] as illustrated in Fig. 1 . This pairing results in the formation of a strong sigma (σ ) bond between the two Si atoms within each dimer. Additionally, there is the further formation of a weak π bond, the nature of which will be discussed in more detail later in this paper. The energy of the π bond is very small, only approximately 0.3 eV. [4] [5] [6] [7] [8] Because the π bond at the Si(001) surface is quite weak, surface reactions that break the π bond and form new bonds to adsorbed species are energetically favorable. However, in many cases the actual reactivity of the surface is low because of kinetic constraints. For example, in order for simple molecules such as ethane (C 2 H 6 ) to react with silicon at moderate temperatures, for example, C-C and/or C-H bonds must stretch and the molecule must undergo large distortions in the positions of the H atoms in order for new bonds to be formed simultaneously, as depicted in Fig. 2(a) . Thus, molecules like methane and ethane have very low reaction probabilities with Si(001), 9) and reactions at elevated temperatures tend to pro- Fig duce multiple reaction products. Early studies by a number of different groups showed that ethylene and acetylene can bond to the Si(001) surface in a configuration known as the "di-σ " configuration, as depicted in Fig. 2(b) . [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Although many details of the mechanism of bonding remain uncertain, the reaction can thought of as arising through a mechanism in which the π bond of the Si = Si dimers and the π bond of the ethylene molecule are broken, forming two new Si-C π bonds. It should be noted that the molecules are not in fact standing vertically, but are tilted. There is an analogous class of well-known reactions in organic chemistry that involve the coupling of two π electrons from an alkene group (i.e., a C = C double bond) of one molecule with another two π electrons from a second alkene to form a cyclic product; these reactions are known as [2 + 2] cycloaddition reactions. Since silicon and carbon are both in group IV of the periodic table, one may expect some similarities between the reactions of purely organic species and the reactions of organic species on silicon surfaces; we therefore also call the corresponding surface reaction between the π electrons of a Si = Si dimer and the π bond of an alkene a [2 + 2] cycloaddition reaction. Another class of reactions that can, in principle, be used to form welldefined organic-inorganic interfaces involves the interaction of a molecule containing two double bonds separated by a single bond (a "conjugated diene") with the Si(001) surface; these molecules can react via a concerted reaction in which the two π bonds (4 electrons) of the molecule interact with the π bond (2 electrons) of a Si = Si surface dimer, forming a six-member ring at the interface. The analogous reaction from organic chemistry is called a [4 + 2] or "Diels-Alder" reaction. Other cycloaddition reactions are also possible, in direct analogy to the corresponding reactions of organic compounds. Our recent work has focused on investigating the interaction of these compounds with the Silicon (001) surface as a potential means of forming well-defined interfaces between silicon and organic materials. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] While there are many possible ways in which substituents could be attached to the surfaces of silicon, there are several aspects of cycloaddition chemistry that are particularly interesting. First, we note that since cycloaddition reactions do not involve cleavage of any C-H or C-C bonds, adsorption of organic substituents to the Si(001) surface can take place at room temperature with the formation of strong covalent bonds. A second, more unusual aspect of the cycloaddition chemistry is that it involves the interaction of two directional bonds; thus, the Si(001) surface acts as a template both for the translational order of the molecules and also for their orientation.
In our recent work, we have been investigating the interaction of unsaturated organic molecules with Silicon(001) to understand the fundamental chemistry of this surface and as a means of forming well-defined interfaces between silicon and organic materials.
Experimental
All experiments reported here were performed in ultrahigh vacuum (UHV) systems achieving base pressures of < 1 × 10 −10 Torr. Scanning tunneling microscopy (STM) results were obtained using a home-built UHV scanning tunneling microscope (STM). All images shown here were obtained at sample bias voltages between −2.0 and −2.4 V, utilizing a tunneling current of 100-300 pA. Although this paper focuses on STM observations, in most cases the molecular bonding configurations were analyzed in detail using Fouriertransform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS). 20, [22] [23] [24] [25] [26] [27] Reagents were obtained in their highest available purity (typically > 99%) and introduced to the chamber through a variable leak valve connected to a doser that was pointed directly at the sample; as a result, the actual pressure at the sample face is higher than the chamber background pressure. Since these should be proportional to one another, however, chamber pressure was utilized as a measure of overall sample dose. All exposures reported here are nominal exposures based on background pressure in the chamber.
Clean Si(001) samples were prepared by annealing pieces of Si(100) wafers to 1475 Kelvin while maintaining the chamber pressure at < 3 × 10 −10 Torr. STM experiments were performed using highly doped (< 0.15 -cm resistivity, Sb-and P-doped) samples. Similar experiments using infrared spectroscopy were also performed on lightly doped (> 5 -cm resistivity, P-doped) samples to reduce free-carrier adsorption in the bulk. Two slightly different crystallographic orientations of Si(001) were used. On-axis samples were oriented to expose the (001) surface with an accuracy ±0.5
• . Experiments were also performed using samples purposely miscut by 4.0 ± 0.5
• toward the <110> direction; this miscut produces stepped surfaces in which the dimers are all oriented in the same direction, as will be discussed below. 30) Germanium (001) samples were cleaned via a chemical wet-etch, followed by annealing at 1000 K. 31) 
Organic Molecules and Monolayers via [2 + 2] Cycloaddition Reactions
Our first attempts at forming ordered overlayers focused on the molecule cyclopentene. 20) As shown in Fig. 3(a) , at low coverage STM images reveal individual cyclopentene molecules; each cyclopentene molecule appears as an protrusion along the center of the dimer rows. At higher coverage ( Fig. 3(b) ) the molecules pack together into rows of the Si(001) surface; the spacing between molecules is typically twice the Si = Si dimer spacing. Although at very low coverage the cyclopentene molecules typically appear round ( Fig. 3(a) ), at higher coverage high-resolution images (3(c)) show that the individual molecules appear to be elongated parallel to the Si-Si dimer bond of underlying Si dimers. The bonding configuration cannot be established with STM alone. However, corresponding infrared spectroscopy experiments show that upon adsorption the alkene-like C = C-H stretching mode vibration (arising from the H atoms bonded to the C = C double bond) is eliminated, and that there is virtually no dissociation on the surface. The infrared experiments prove that adsorption occurs through the alkene (C = C) group and that there is no cleavage of C-H bonds. XPS measurements of the C(1 s) core levels likewise show two peaks in a 3:2 intensity ratio as expected for the configuration depicted in Fig. 2(b) . The experimental results all strongly sup- It should be noted that the molecules bonded via a [2 + 2] addition reaction are in fact tilted along the dimer row direction, which should in principle lead to a domain structure of adsorbed molecules depending on the tilt direction. Using STM, however, we have not been able to observe any direct evidence for such domain structure.
One of the unique aspects of the [2 + 2] cycloaddition chemistry is that it involves the interaction of two directional bonds; thus, the Si(001) surface acts as a template both for the translational order of the molecules and also for their orientation. In Fig. 3 (b) and 3(c), for example, the orientation of the individual molecules is expected to lead to anisotropy in the in-plane physical properties, such as refractive index. Silicon surfaces oriented close to the (001) plane show flat terraces that are typically a few hundred Ångstroms wide separated by steps that are one atomic layer (1.36 Å) high. Because the direction of the Si = Si dimer bond rotates by 90
• across a single-height step, however, any anisotropy in physical properties due to molecular orientation becomes eliminated on a length scale of roughly the step-step separation of ∼500 Ångstroms. Since this length is shorter than the wavelength of light, for example, no anisotropy in optical properties measured on macroscopic length scales will result from such "on-axis" Si(001) samples.
On samples miscut by > 2-3
• , the energy associated with step-step interactions makes it energetically more favorable to have one step which is two atomic layers (2.76 Å) high, rather than two steps each of which are one layer (1.36 Å) high. 30 , 32) Figure 4 shows an STM image of a clean Si(001) sample with a nominal miscut of 4
• . In this image one can observe that the Si dimers on all terraces are aligned in the same direction. After exposure to cyclopentene, Figs. 4(b) and 4(c) show that this orientation of the Si = Si dimer bond is translated into the orientation of the molecules in the organic film, evidenced by the fact that each molecule appears to be elongated in the same direction, even on a stepped surface. Infrared experiments with polarized light confirm that on these vicinal surfaces, there is an significant anisotropy in the in-plane optical properties measured on macroscopic length scales. 20) Additionally, we have consistently found that the molecular ordering is usually better on stepped surfaces (Fig. 4(b) ) than on comparable flat surfaces (3(b), 3(c)). While this improved ordering could be explained by improved nucleation kinetics, we have observed no preferential bonding at step edges or other specific locations that might nucleate ordered islands of chemisorbed molecules. Instead, we believe the improved ordering on vicinal surfaces arises because the presence of steps can act as a strain relief mechanism, allowing repulsive steric interactions between molecules to be relieved, as depicted in Fig.4(c) .
After cyclopentene bonds to the Si(001) surface, the resulting film is rather unreactive and not amenable to further chemical modification. Surfaces prepared in this way and subsequently exposed to the atmosphere for approximately one hour, for example, show no significant change. To make ultrathin organic groups that can be subsequently chemically functionalized, it is necessary to employ a bifunctional compound having at least two reactive groups; if one of these groups can be bonded to the surface while the other remains unbound and accessible, then this provides a possible route to multilayer films. One approach is to use a molecule such as 3-pyrroline, containing both an alkene group and an amine group. 24) Here, however, we focus exclusively on molecules containing more than one alkene group.
For organic molecules containing more than one alkene group, stability is enhanced by having an alternating arrangement of double and single bonds; such bonds are said to be "conjugated". Non-conjugated double bonds often behave as if they were independent entities on a single molecule. However, cyclic conjugated molecules containing 4N + 2 interacting π electrons (where N is any integer), often possesses extra stability and are said to be "aromatic", as typified by the molecule benzene. Conversely, for cyclic conjugated molecules containing 4N interacting π electrons, conjugation increases the energy of the system; such molecules are unstable with respect to distortions and are said to be "anti-aromatic". 33) Because in many cases the reactivity of the two double bonds are not conjugated, since they are separated from one another by two single bonds; thus, each double bond can interact with the surface independently. While in principle this molecule could bond to the surface using both C = C bonds to link to adjacent dimers in a single dimer row, the 2.5 Angstrom spacing between the C = C groups is molecules containing unsaturated bonds can be understood on the basis of the symmetry of the molecular orbitals involved, 33) such molecules present an interesting test case to identify to what extent such roles apply in surface reactions. To this end, we have investigated the interaction of a number of organic molecules containing more than one double bond.
One of the simplest molecules containing two C = C groups is the molecule norbornadiene; as depicted in Fig. 5(a) , this molecule contains a six-member ring with two alkene (C = C) groups, with a bridging CH 2 group. (Hydrogen atoms are not shown in Fig. 5(a) ). In norbornadiene by Konecny and Doren 34) and detected experimentally in infrared spectroscopy by Teplyakov and Bent. 35) In principle, molecules containing more conjugated bonds can react via either the [4 + 2] route or the [2 + 2] route, both depicted in Fig. 7 . Reactions of organic molecules with one another typically favor the [4 + 2] pathway because the [2 + 2] reaction is formally forbidden by symmetry considerations. However, as noted above, we observe that regular alkenes react quite easily on the Si(001) surface via a [2 + 2] pathway.
Despite the fact that the [4 + 2] product is predicted to be more stable, 34) our STM images show that there are multiple surface products. 26) Figure 7 shows an STM image of a Si(001) surface exposed to 0.1 Langmuir of 2,3-dimethyl-1,3-butadiene (DMBD). The STM image shows two distinct types of molecular features on the surface. The objects labeled "A", are centered directly over the dimer rows and are believed to be the [4 + 2] cycloaddition products. The bright features labeled "B" appear between the dimer rows and are believed to be the [2 + 2] reaction products. Infrared spectroscopy results confirm that some alkene-like a poor match to the 3.84 Angstrom spacing between dimers. As shown in Fig. 5(a) , STM images show that norbornadiene can adopt several different bonding configurations. In one of these the molecules indeed appear to be on top of the dimer rows, while in another configuration they appear to be located between the rows of Si = Si dimers. At higher coverage, Fig. 5(b) shows that the surface appears to be disordered. Infrared spectra show that there is a large residual alkene-like C-H stretch, but no significant Si-H absorbance. This indicates that the molecules adsorb molecularly, with little or no cleavage of C-H bonds, but the interaction with the surface is not specific enough to produce an ordered film. We believe the primary reason for the lack of bonding specificity is that the separation between C = C groups in norbornadiene is only 2.5 Å. Since the Si = Si dimers are separated by 3.84 Å, bonding of norbornadiene to Si(001) through both C = C bonds requires significant distortion.
One way of reducing the distortion at the Si-C interface is to increase the size of the cyclic molecule, to better match the 3.84 Å separation between Si = Si dimers. The molecule 1,5-cyclooctadiene ("COD") ( Fig. 6(a) ) has two alkene groups separated by 3.2 Å. These groups are not coplanar, but are instead twisted by approximately 23
• from one another. STM images at saturation coverage ( Fig. 6(b) ) show that this molecule produces highly-ordered monolayer films. High-resolution images (6(c)) even reveal some internal structure within the individual molecules, with each molecule giving rise to two separate protrusions. Despite the improved match in bond separations with that of the underlying Si = Si lattice, infrared spectra of COD on Si(001) shows that there is a large alkene-like C-H stretch at 3018 cm −1 . The absence of any significant Si-H stretching vibrations near 3070 cm −1 indicates again that adsorption occurs molecularly, without cleavage of C-H bonds. Additionally, C(1 s) XPS spectra show three distinct peaks at 284.8, 284.4, and 283.7 eV with relative integrated intensities of 21.9%, 51.9%, and 26.2%, respectively, very nearly a 1:2:1 ratio. These results show that COD bonds to the surface via only one of its alkene groups as depicted in Fig. 6(d) . In effect, this means that the surface imaged in Fig. 6(b) is an ordered array of C = C double bonds. This is itself is a quite significant result, since it demonstrates the ability to form an ordered array of functional groups.
Adsorption of Organic Molecules via [4 + 2] Cycloaddition Reactions
While the [2 + 2] cycloaddition reactions can lead to ordered molecular films, one possible drawback in the use of this chemistry for forming ordered organic films is that the bonding of the molecule to the surface involves formation of a four-member ring at the interface. Usually four-member rings are unstable because they involve significant distortions from the equilibrium bond angles; 34, 35) these distortions in turn might make such interfaces thermally and/or chemically unstable. As noted earlier, a second class of reactions that might be used to form form well-defined interfaces involve the interaction of a molecules containing two conjugated C = C double bonds with the Si(001) surface, as depicted in Fig. 7 for the molecule 2,3-dimethyl-1,3-butadiene (DMBD). This method of attachment is equivalent to a [4 + 2] cycloaddition, widely known as a "Diels-Alder" reaction. Reactions of this type on the Si(001) surface were recently proposed (C = C-H) stretching vibrations remain after adsorption on the surface; these particular vibrations should have disappeared completely if the [4 + 2] process was the only significant reaction. Multiple surface products were also observed using STM and infrared spectroscopy using the molecule 1,3-cyclohexadiene. 26) In both cases, we observed multiple surface products. We additionally attempted to convert the molecules into a single configuration by warming the sample; however, heating produced substantial dissociation with little or not interconversion between the different forms.
One significant aspect of these STM studies is that they show that although the majority of the molecules bind via the [4 + 2] pathway, there is a very significant number of molecules that bind in the alternative [2 + 2] pathway. Thus, there is poor selectivity between competing pathways, and the resulting surface is chemically inhomogeneous. This chemical inhomogeneity in turn prevents formation of ordered monolayer structures, as evidenced by the fact that our attempts to obtain STM images of Si(001) exposed to saturation coverage of 1,3-cyclohexadiene and 2,3-dimethyl-1,3-butadiene reveal only disordered layers.
One interesting aspect of these results is that the [2 + 2] re- actions described earlier are formally forbidden by symmetry considerations; however, the [4 + 2] reactions are symmetryallowed. In organic chemistry, the [4 + 2] process is usually strongly preferred to the [2 + 2] mechanism, on the surface both reactions occur with nearly equal probability. We believe that this difference can be attributed largely to the fact that the Si = Si dimers at the Si(001) surface are bent from their planar configuration; this creates a region of electron deficiency at the ends of the molecules where the π * orbitals are, and increased the possibility for reaction via a low-symmetry pathway. Further details are discussed elsewhere. 26) 
Adsorption of Benzene on Si(001)
Benzene is perhaps the most widely-studied organic molecule in all of chemistry. Despite its highly-symmetric structure, STM studies of benzene have shown it to have an extremely complex behavior. [36] [37] [38] For example, Fig. 8(a) shows an STM image of Si(001) exposed to 0.1 Langmuir benzene. Here, one can clearly identify at least two different bonding configurations. One configuration ("A") appears as a small bright protrusion with a dark (apparent) depression adjacent to this on one side. The two features labeled "A" in Fig. 8(a) have the depression on opposite sites of the protrusion, confirming that this structure is not a "tip" effect. A second configuration, labeled "B", appears as a more diffuse protrusion centered above a dimer row, but extending the width of several dimers. Similar features and transformations between them have also been reported by other groups. 36, 37, 39) Benzene, like the conjugated dienes described above, can interact with the surface in more than one way. Kone, et al. also observed multiple configurations using infrared spectroscopy, suggesting that adsorption via multiple pathways can occur. 40) We also note that benzene appears to interact strongly with the STM tip. 39) Figures 8(b) and 8(c) show two images of a single regions of Si(001) exposed to benzene. After Fig. 8(b) was obtained at a sample voltage of −2.0 V, an image was obtained at −2.7 V, and then switched back to −2.0 V before obtaining the image in Fig. 8(c) . Exact registry between the images is confirmed both by the apparent piece of contamination above and to the left of center, as well as by several smaller dimer vacancy defects that can be observed in both images. A comparison of these two images reveals numerous changes in bonding configuration as well as in overall density of adsorbed species. This can be seen most clearly at the lower right in the images, where one can observe the appearance of new features on the surface in 8(c) where none existed in Fig. 8(b) . Further experiments suggest that some of these changes arise from molecules that were adsorbed onto the STM tip and then desorbed onto the surface.
Such strong interaction with the tip, as well as changes in molecular configuration with time, suggest that benzene is relatively weakly bonded on the surface. Changes between configurations might occur through concerted processes in which new bonds are made as old bonds are broken.
39) The relatively binding energy of benzene on silicon can be easily understood, since the usual stability of molecular benzene arises from the delocalization of its π -electron system, which makes benzene more stable than a non-conjugated system by approximately 1.5 eV. 41) Bonding to the surface involves these π electrons, and therefore destroys the electron delocalization and the corresponding energetic stability. Con- sequently, aromatic molecules such as benzene are expected to have unusually low binding energies on the surface. This suggests that functionalized derivatives of benzene, for example, might exhibit significant selectivity in bonding configurations, and that bonding through specific functional groups might be enhanced by annealing.
the clean Ge(001) surface, including a single-height atomic step. On the terraces the tilted dimers produce a zig-zag pattern; boundaries between different domains of tilted dimers produce smaller regions of apparently untilted (symmetric) dimers. Figure 9 (b) shows an STM image of Ge(001) after exposure to 10 Langmuirs of cyclopentene. In Fig. 9(b) each cyclopentene molecule appears as a very shallow protrusion separated by a depression; although the molecules are not as obvious as they are on Si, studies as a function of coverage confirm that the features shown in Fig. 9 (b) are indeed individual cyclopentene molecules. Once again, each molecule appears to be elongated parallel to the Ge = Ge dimer bond axis, consistent with the cycloaddition model discussed above. Note that the relatively low coverage after this expo-
[2 + 2] Cycloaddition Reactions on the Germanium (001) Surface
The cycloaddition chemistry described above is not unique to silicon, but should also take place on related group IV semiconductors such as Ge(001) and diamond(001). Ge(001) has a structure quite similar to that of Si(001), except that on Ge(001) the dimers are usually tilted even at room temperature, and the Ge lattice constant (5.66 A) is slightly larger than that of Si (5.43 A). Figure 9(a) shows an STM image of sure indicates that the sticking probability of cyclopentene is much lower on the germanium(001) surface than on the silicon(001) surface. 42) At higher coverage, Fig. 9 (c) shows that cyclopentene molecules will order reasonably well on Ge, although not as well as on silicon surfaces.
Discussion
Our results using STM and related chemical analysis methods such as FTIR and XPS indicate that cycloaddition reactions are a promising method for preparation of highly ordered organic monolayer films. The ability to form ordered arrays of chemical functional groups could have immediate application in the field of chemical and biological sensing. Anisotropy in physical properties, such as optical index of refraction and/or electrical conductivity, also opens up potential applications in the microelectronics area. Carrying these ideas to fruition requires understanding the fundamental chemical and physical factors controlling the bonding of individual molecules to the surface, as well as the interactions between molecules within the layers.
Our results suggest some strong analogies, and also some pronounced differences, between the chemistry of organic molecules with the Si = Si dimers of the Si(001) surface and the chemistry of these same molecules with other organic compounds. In particular, we note that in purely organic compounds, [2 + 2] cycloaddition reactions are formally forbidden by symmetry considerations: when two simple alkenes (such as two ethylene molecules) approach one another in a high-symmetry configuration, the molecular orbitals of the reactants correlate to an excited electronic state of the product, leading to a large activation barrier. In contrast, [4 + 2] reactions are symmetry-allowed. One consequence of the "forbidden" nature of [2 + 2] cycloaddition reactions is that reactions of molecules containing conjugated C = C groups (such as butadienes) usually show a great deal of selectivity favoring [4 + 2] cycloaddition reactions rather than the [2 + 2] cycloaddition reactions.
In contrast, on the Si(001) surface we observed both [2 + 2] and [4 + 2] reactions occurring with comparable probabilities. Although some of these reactivity differences may be explained in terms of the intrinsic differences between C and Si, we believe that the overriding factor giving Si = Si dimers such high reactivity is the fact that the bonds between the Si = Si dimers and the underlying surface are bent, so that the Si = Si dimers cannot achieve a completely planar configuration in the surface layer. As a result, the π overlap is weak (estimated 0.3 eV bond energy, compared with ∼2 eV for pure compounds containing Si = Si double bonds), 26, 43) and the π bonding and π * antibonding orbitals that are involved in reactions with gas-phase molecules such as alkenes are more accessible. 26) Thus, one can in general expect that the Si(001) surface will exhibit less selectivity than would be expected based on analogies with C = C bonds.
The lack of selectivity is an important issue information of ordered layers. Most organic species we have studied bind irreversibly to the surface. In most cases transformations between different structures requires breaking of strong Si-C bonds, which can only take place at high temperatures where other decomposition reactions also become important. However, we note that benzene does bind reversibly and appears to readily interchange between different configurations on the surface. We attribute this to the fact that that aromatic character of benzene (delocalization of its 6 p electrons) gives it a stabilizing "resonance energy" of ∼1.5 eV in its molecular form. Since the aromatic nature of benzene is destroyed by binding to the surface, the overall energetics of binding are quite different from those of simple alkenes and even of simple molecules containing two conjugated alkene groups. This is supported by the fact that in recent experiments we have found that the molecule phenyl isiothiocyanate (C 6 H 5 -NCS) binds to the Si(001) surface exclusively through the isothiocyanate group, rather than through the aromatic ring.
28) Thus, it might be possible to attach aromatic substituents to the Si(001) surface in a highly-selective manner.
Conclusions
STM studies of the adsorption of organic molecules on the Si(001) surface have provided significant insight into the factors controlling the structure and bonding of organic molecules. This has lead to the ability to prepare well-defined ordered organic monolayers on the Si(001) surface. Understanding the factors controlling the selectivity and stability of binding will continue to be important in developing reproducible, robust strategies for controlled functionalization of Si(001) surfaces.
